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FOREWORD

‘This report is published by the Aerospace Corporation, El Segundo,
California, under Air Force Contract No, AF 04(695)-669.

This report, which documents research carried out from 1 July 1965
through May 1966, was submitted 14 September 1966 to Captain Ronald J.
Starbuck, SSTRT, for review and approval.

The author appreciatively acknowledges stxmulatmg discussions with
Dr. Isaac Richman and Dr. John Gruber concerning the theoretical aspects of
the crystal-ﬁeld-mduced transition model, and with Dr. N. C. Chang con-
cerning the properties of the Y,03 lattice. Without the numerous crystal
samples kindly provided by Armond Chase and Miss Judy Osmer, this study
would not- have been possible.

Informatlon in this report is embargoed under the U.S. Export Control
Act of 1949, administered by the Department of Commerce. This report
may be released by departments or agencies of the U,S., Government to
departments or agencies of foreign governments with which the United States
has defense treaty commitments. Private individuals or firms must comply
w1th Department of Commerce export control regulations.

Approved

L2

D. D. King, Drrector
Electronics Research Laboratory
Laboratories Divigion
Laboratory Operations

Publication of this report does not constitute Air Force approval of the
report's findings or conclusions. It is published only for the exchange and
stn'nulatlon of ideas. '

Space Syste'ns Division
Air’ Force Systems Command
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ABSTRACT

The absolute intensities of transitions occurring in the optical spectra
of single crystals of Y203 doped with small amounts of Pr, Nd, Eu, Er, and
Tm; single crystals of LaF3 doped with small amounts of Pr and Nd; and
single crystals of Er203, Tm203, and Yb203 have been measured at room
temperature. All observed transitions occur within the ground configurations
of the trivalent rare-earth ions, and their intensities are accounted for using
three phenomenological parameters for each system, whose values are
determined by a least-squares f{itting calculation. A calculation of the
relevant crystal-field terms is made, and theoretical values for the intensity
parameters are calculated using free-ion radial wave functions and certain
closure approximations. It is concluded that excited 4£"~ lg configurations
contribute to observed intensities more than is indicated by free-ion

calculations, and that the excited 4fn-1

5d configuration contributes to the
observed intensities an order of magnitude less than indicated by free-ion
calculations. A hypersensitive transition in the neodymium systems is .
observed and its sensitivity is traced to a simple change in point symmetry .

of the host.
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I. INTRODUCTION

Intensities of transitions observed in the spectra of rare-earth-doped
solutions and solids have come under quantitative study within the last few
years. Judd1 and OfeltZ independently have discussed a general theoretical
framework for calculating the intensities of such transitions, and have
carried out the complex Racah algebra that yields expressions for transiticn
strengths which lend themselves to correlation with experimental intensity
data. The good agreement found by Judd, between calculated and measured
oscillator strengths for solutions cuntaining rare-earth ions, prompted
Axe3 to test the theory in more detail by examining the fluorescence
intensities of the observed electric and magnetic dipole transitions between
individual Stark components of Eu3+ ions in europium-ethylsulfate single
crystals. Somewhat later, Krupke and Gruber4 studied the optical absorption
intensities of inter-Stark transitions observed in the spectrum of thulium
ethylsulfate single crystals. Both studies confirmed that the proposed
theory of crystal-field-induced electric dipole transitions between individual
Stark components could account for observed intensities with reasonable

accuracy using only 2 few phenomenological parameters.

Attempts to calculate the experimentally determined parameters using
free-ion radial wave functions has met with little success, and it is in this
area that the present work is directed. To establish the source of the
difficulty in interpreting the experimental parameters, two types of studies
come to mind: (1) studying the spectral intensities of a specified rare-hear.th
ion in a number of different hosts, and (2) studying the spectral intensities of
a number of different rare-earth ions in a common host. In {1), the radial
properties of the rare-earth ion remain unaltered, and the ._1a'.ttice field
changes from system to system. In (2), the lattice field rei‘na_ins unaltered,
while the radial properties of each system are different. Durmg the
preparation of this manuscript Carrall, et al., 2 reported the results of a
study addressed primarily to(1). The spectral intensities of rare-earth

solutions were observed and accounted for phenomenclogically. The lack of
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knowledge of the local charge distribution precluded a calculation of the
experimentally determined .pvarapmeters; and thus could not shed light on the

prbblgm of radial wavévf\gxicfibns. This report presents the results of a

study add;revs:sé_d‘ px;in*;‘arily to (2).

‘Spegtral' ihtqt}sities~~ngfe‘mggsured for single crystals of Y203
doped-:With",small_ran‘g‘qggf 8 of praeseodymium, neodymium, europium,
erbium, thulium, single crystals of LaF, doped with praeseodynium and
neodymium, and single crystals of erbium, thulium, and ytterbium oxide.

These systems span the rare-earth series and provide a wide variation in

the radial properties of the excited electronic: configurations. The lattice
! parameters ,of‘-‘Y-z’.O_3-; are sufficiently well known to permit a calculation of
the péft’in;ent odd4dé‘grgé‘_c’rystal-field lattice sums. With these values

known, th¢ cont;'ibuiionﬁbfl‘v'ariOus excited configurations can be studied.
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II. THEORETICAL CONSIDERATIONS

The integrated absorptmn coeff1c1ent, fk()\)d)\ due to an electric
dipole transition within the 4f" electronic configuration of a rare-earth

ion in a crystalline lattice, may be written

/k(k)dx p %Zh)‘ (.“ + 2) z<1|P|J)| % (1)

where p is the rare-earth-ion density in.the lattice and n = n(X)Ais the index
of refraction of the bulk isotropic dielectric medium at the mean"x)va.\'relength
of the transition . P is the electric d1pole ‘moment . operator, P=- eEr'1
for a transition between the initial and final states. In‘the fr ee-ion
approximation, the states of the 4£ configuration are taken as a linear

combination of Russell-Saunders states |4'fn,'S;l;):

|4f"(s, L1T) =z A(S,L,7)|4£"s, L) . : :(Z'i

In these "intermediate-coupling!" wave funct1ons, the quantum mumbers S and
L, which are convenient labels for states, ‘but wh1ch are not good quantum
numbers, are enclosed in brackets. The matnx of P between states of the
form (2) is identically zero, since the Russell Saunders states, and hence
initial and final states, have the sa.me pa.rlty To ‘obtain a nonzerc electnc
dipole matrix element, wave funct1ons of states of oppos1te parity must. be

mixed 1nto the wave funct1ons assoc1ated w1th at 1east one of the two J 1evels

1nvolved in the trans1t1on. When the rare-ea.rth ion is in a crystal site w1thout

1nvers1on symmetry, the most 1mportant mechamsm for m1x1ng in oppos1te

par1ty wave funct1ons 1s -due to the odd-panty terms of the stat1c crystallme

.
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'St'e.rk field, The electric field also.removes, at least partially, the (2J + 1)-
fold degeneracy of the free-ion J levels, giving rise to the familiar crystal-

field Stark splitting, A generally weaker mechamsm which can also contribute

to the electric dipols matnx is the interaction of lattice phonons of suitable
symmetrv with the electromc states, [ This interaction is usually dominant
in producing the spectra of rare-earth ions placed in crystal sites with

inversion symmetry, since the (.ontnbutmn from the static crystalline field

is then zero. -
‘Based on the analyeie of Ju'dd'l__ the total integrated absorption coefficient
for electric-dipole transitions betweom initial level J and terminal level J'

may be written

3 2 2
fk()\)d)\— pm+ 1') [ . ,;nz),] z (Q +0 ')

=2,4,6

X |(4£F[s,iji M) |4 (87, Lr 131y |2 : (3)

Similarly, the total transition p_robafaﬂity, A(ls,L]T1; [S', L)1) for
electric dipole transitions between excited level J and the lower lying

terminal level J', due to spontaneous emission, is

A([S,L]13:[S'L1131)
__ barfe? 3:[n(n2.‘;2)2.] z (@, +0,))
x 3h(27 + N 4 2=2,4,6 (4)
| X |(4fn[SL]i“U()‘)'Il‘lfﬁ[s'.l:']J') 2.

Expressmns (3) and (4) are vahd prov1ded the energy splitting of the initial J
level is less than kT, where T 1s the crystal temperature at which the spectral
mtens1t;es are measured. This requ1rement arises from the principle of

spectroscopic stability which states that the total transition strength between




two levels which are each degenerate is unaltered under a perturbation

“splitting of the levels if the split components of the initial level are equally
N
ul

of the spherical tensor operators, ‘calculated in the ‘intermediate couplmg
N
ul

calculated using the tabulations of Nielson and Kosi:er8 and of Rotenbert,.

occupied. The matrix elements are the doubly reduced matrix- elements !

approximation. The Russell-Saunders-values of the are read11y

et al, ? The transformation from Russell-Saunders coupling'to 1ntermed1ate
coupling is then made using the wave functlons, Eq. (2). The two terms,

0 ¥ 0, 2’ arising, respectively, from the stat1c crystal f1e1d and the vibronic-

electronic interaction 1nvolving single phonons, are’ g1ven by1
Q, = (21 +1) Z |Atp|2(2t + 1)'1:.:.:2'(1:, X) (5)
» P = e A

and ¥ i

=@sn D@ lal |
R L tpsnen' 2 » 20

34, |2
2 : Va 5
el T I B (6)

e |

X p (n)

In Eq. (5), the A p(t ;0dd) are the odd-parity terms in the static crystei' field
expansion; in Eq. (6), Q denotes the normal coordmate of the v1brat1ng

complex, 7, 7n' denote the totahty of v1brat1ona.1 quantum numbers of the

s oo ong atnd e

initial and final vibrational states, and p(n) is the dens1ty of states. The

quantities E(t, A) contain 1ntegra1s involving the radial parts of the 4£" ]

wave functions and the excited oppos1te parity electronic-state wave functions, . ‘

and the energies separating these. states.. ; ; . fh s
Magnetic dipole t:ansitiens arelé@_libwed'between' states of the same

* i parity and can be of sufficient s'trength in cer’tatiri cases to cont'ribute to the.

observed 1ntens1t1es. In the 11m1t of LS couplmg, trans1t1ons from the

T
. G5
v

ground state to the first exc1ted state of: the ground mu1t1p1et will be the only
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allowed magnetic-dipole transitions. Inclusion of the spin-orbit interaction
may permit a few additional transitions between ground state and other excited
J levels. The evaluatxon of . the. magnetic- dxpole transition intensities is
stra:ightforward 10y1LL The calculated intensities of the significant magnetic
dip‘q]l.e transitions in the systems studied agree exactly with those found by
Axe.3: and by .Carnzlill',fét al.,5 and wil)‘..{'no‘t be reproduced here. In cases
where magnetic-dipole transitions are significant, the calculated value of
the magnetiCJdipole intens'ity"“‘ras sﬁbtracted from the total measured
intensity; and the remamder was assigned to an electric-dipole transition.
To. mterpret the expenmental data, the following fitting procedure
“'ra,s_._usgd. The,.n_umencal values of the three parameters Q)\, appearing

in the sum

Z 0, 45, L17|| vV 4 (st, Lo 20y |2 (7)
A=2,4,6

were varied in such a way as to minimize the sum of the squares of the
deviations between measured and calculated values of S, the transition-line
stréngth' For convenience in presenting the data and the results of the

ﬁttmg, mtensxtles are reported in terms of the oscillator strength or £

number. whlch is a dimensionless quantxty and is simply related to the line

str ength by1 1<

& 9 Lt 2. .2
. 87 mc (n” + 2) S : (8)

" 3hN2T + 1)e’ In

The quantity of the fitting can be expressed by the smallness of the root .

o mean square (rms) deviation in f number, defined by

i ;18 ' 1/2
; ' (sum of squares of dev, in f numbers) 9)

| rms deve = | 55~ Tevels Iit) - (no. of parameters)

';ﬁ@f‘fb@g&n Jﬁ“’f”




. . III, EXPERIMENTAL DETAILS

Single-crystal samples of Y,0, doped with nominally 1% and 5% Nd,
Eu, Er, and Tm and pure Er203, Tm203, and Yb203 single crystals, all
measuring approximately 3 mm X 3 mm X 10 mm, were grown by the
flame-fusion method. . The samples were pohshed with flat and parallel
faces, with thicknesses varying between 0.05 and 0. 25 cm, each thickness
being chosen to result in a suitable d1splay of absorption 1ntens1t1es for that

sample. Single crystals of nominally 1% Pr3 LaF3, 5% Nd3+

LaF3 and pure
PrF3 and NdF3 were purchased commerc1ally:.an.d m.ec}}amcally .‘I}Jrep_ared._m
the same manner as the Y203 samples., ,
The absorption spectra of these samples were recorded using a Cary
Model 14 spectrophotometer in the spectral regior from 2000 ,A-:,to,~2. 5u.
The crystals were at room temperature, and at”t'nis temperature the
observed spectral linewidths were always considerably larger than the
instrumental resolution. The crystals were niounted on a Baf{le in order
that all light reaching the detector would pass th;*quglx the sample. The
Cary spectrophotometer provides a g:aph”ofr the spectral abso‘r'ption
coefficient, k(A),as a function of the wavelength )\ The chart speed and
scanning rate were in each case selected so that the pen. wr1tmg speed was
well below the maximum allowed and the resulting areas were always
greater than_lO, cmz. Theiareas under the experimental spectral curves
were measured with a K & E 620015 ,cqn}pensatipg polar planimeter.
Fluorescence of various ear_hples w_a_e exclted‘using’a suitably filtered
1-kW, AH6 mercury arc lamp, and measul‘ed using a half-meter Jarrell-Ash
monochromator with a d1spers1on of 16A/mm. and a slit width. equivalent to
0.5 A throughout the spectral region studied, 4000 to 8200 A. A single
detector, an RCA 7265 photomu1t1p11er, was used in order to obtain a precise
measure of the relative fluorescence 1ntens1t1es. The spectral response of

the entire. measuring system mcludmg detector, gratmg, and optical, system,

5 t
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was determined using a standard filament tungsten lamp calibrated by the
Nationall'B_ureau, of Standards. Measured fluorescence intensities were
corrected for system spectral response.' :

A General Radio Strobotac Xenon flash lamp producing a pulse of about
5 usec duration, wa'_s'used to excite fluorescence in the sample crystals to
determine ﬂuorescence lifetime. .The fluorescence radiation was passed

through the monochromator, and its 1ntensxty asa funct1on of time was

dxsplayed on an oscilloscape.
The relatively large value of index of refraction of Y203 and its large

dispersion over the spectral region studied. makes the index of refraction

tei'r‘n in Eq. (3) important. The indices of refraction have been measured1

to be 1,915 and 1.962 for Y 20, and Er203. ‘respectively, at a wavelength of
5690 A; 1nd1ces for these mater1als at other wavelengths have not been
reported. In the absenCe of more prec1se data, it has been assumed that

the d1spers1on of the index of refract:on is reéasonably accounted for by the
s1mp1e Cauchy equat1on, n(A) = a + b/ l . To evaluate the constants a and b,

; a second value of the index of refract1on of YZOS was required. The refiection-
coeff1c1ent of Y203 was measured at 2600 A and used to calculate the index of

A e
SN SRR TP a fan 2est saiool -
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; refraction at the same wavelength. This value-and the value of n at 5690 A
were used to determme the Cauchy constants a = 1,780 and b = 0.0598 uz

for Y203. The index of refraction of single crystal LaF3 has been measured
i at a number of wavelengths between 0.4 and 2.2 p,,14 and simple interpolation
1 prov1des the indices at other wavelengths. Over the spectral region studied,
the d1spers1on is only 5% for LaF3, but about 100% for Y203

§ The amount of rare-earth 1mpur1ty in each experimental sample was

determmed by spectrographic analys1s at a commercial laboratory to within

; 5% for the doping levels used. The error in impurity concentration affects
only the absolute valnes of the intensities. Errors in determining the areas

»Q 2 under the k(\) curves affect the relative intensities as well, and arise not only
E from instrumental errors in measuring a prescribed area, but also in

¢ deterfnining the base line for zero rare-earth absorption when two or more

g4 transition groups lie close to one another. The instrumental error is




estimated to be 1% for the areas measured, although for a few extremely

weak transitions this error may be as large as 25%. When the overlap area
between two groups exceeded 5% of the total area for the two groups, the

total area was measured and the matrix elements corresponding to the two

transitions were combined and treated as a single experimental point in the

fitting process.,
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IV. EXPERIMENTAL AND CALCULATED INTENSITIES i

The observed transition intensities for Pr3 Y203, P'r3 LaF3
Na**:v,0,, N&*%:LaF,, Eu: 1Y,0;, Er,0;, and Tm,O; are presented

in Tables I-VII, The corresponding calculated transition mtens1t1es are

b1 i b R

also listed in- these tables, based on the sets of parameters for each
system listed in Table VIII. Estimates of the stat1st1cal mgmﬁcancels‘ i
of these parameters, reflecting the range of valuesa gwen" parameter may
take without seriously altering the rms deviation of the fitting, are also
included in Table VIII. Discussion of the details of the fitting calculations
for each system, matrix elements, number .of levels used, etc. ’ has been .
placed in an Append1x, the: more pertinent d1scuss1on of the val1d1ty of the
model and the mterpretatmn of the resultmg parameters follows 1mmed1ately.

Table I. Measured and calculated Table II. Measured and. calculated

f numbers for Pr3i:y 03 o f numbers for Pr3 LaF3

.....

. f number . fnumber A i S fnumber fxglmbcr

2 Energi- . mess, cale, - A ‘Energy, ,.Af .
sy em=’ o (1079) (1079)... ‘(101','.') Y AT cmt | (10") 10 (107)

' Hy: o 2135 ; -382. . COSHg 021300 e C1.50 = e S i
i, 4300 116 119 . -003 >, 277 0.63 oot =
Fy i 3 Taoiik B i Py 5140 093 112 . =0, 19 :
7, 5650 - 4625. 4625 0.00 Py 6450, 4.63° 442 021
WPy . i Sy ’ 7, 6859 2.96 322 —~0.26
Gy 10200 0.78 052 . 0.26. Gy 9800 0.10 008 002
1Dy . 16 800 2,74 2.4 0.30 1D,. 16835 097 076 - 021
12o) - ; e i Py 20750 094 107 ~0.13 -,
Tl 21100 4880, 4880 000 P aew a3 208 126
1P, : : ' Py 22575 542 215 2,67

rms dev. 9X10~4 , © rmsdev.=134X1079
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i Table III. Measured a.nd calculated Table IV. Measured and calculated
i f numbers for Nd3+ Y 3¢ f numbers’ for Na3+ LaF3
! \ , / number j numbcr : : j uumbcr j number
; ; Energy, ~‘meas, cale. (&S py,  ERCIRY, Af
oot (100%) (10 (1079) sy em™! (10"‘) (10") (1079)
b 6250 . 013 015 —002 - ‘Iws 6130 01 01l 0.00
£ 11300 247 297 ~080 Fan, 110 109 144 -0.35
i L 12318 6.8 682  —-004 ,2*3’ } 12630 349 372 -0.23
: 13280 556 Sz —006 N4 SRR T BRI ¥ SR Y3 0.12
: ] © 14490 0.65 0.49 0.16 Fan 14830  032. 027 0.05
i o 1160350 0.14 0.14 10,00 ;g;‘.',. : 16050  0.06 0.08 -0.02
[ ; LA R i : 2 5]
'c.v':»} 16950 4164 4173 =009 Gy 1738 = 560 5.65 —~0.05
1 Kua) | :5,“"
n [ 5 .. 3 118 .
u:} 18870 956 381 175 V:m} 19400 350 246 104
o | : S T L IR : i
D 21050 210 119 091 o 21510 086 0.44 0.42
7‘ .Gl vk : s ‘G:ln[l :
'p - 3Py 2470 022 0.37 ~0.15
‘ D o rso 16 LN 0.50 Den 2400 - 002 003 . 001
| | Py 25705 0.07 0.05 0.02 Pin 26400 001 0.02 —001
% 5 mmdev 078 (10") ‘ . : rms dev. 0.40 (10)
i = =
Ta.ble V. Measured and calculated  Table VI. Measured ﬁi calcula.ted
t;‘ansxtxon roba.bxhtxes o TS f numbers for Er
for Eu Y203 s
. PEw =TT : - ‘ ; f-number  f-number -
Energy, A meas., Acalc, A4, | Energy, ~meas. ' cale. Af
ST emt sect sect | sec! SYLYJ emtt (1079 (10~%) (1079) !
Oy 1225 . 205 K8 B 4 ' 0.52 MD 000 ..
Wy 13215 00 00 = 00 . 6520 1325 {0.73 ED :
] Fe 14285 750 75.0 0.0 ‘Tun 10250 034 027 0.07
Wy 15270 241 0.0 2.1 Ton 12500 031 037 —~0.66
) Ty 16310 7323 732.3 00 Fan 15210  1.73 14 0.29
| P, 16860 980MD  980MD 00 S 18200 034 024 010
o 17190 62 00 62 Hun 191800  11.03 9.95 1.08
: T absorption. : : Fin - 0360 113 1.34 —021
’ ! D, 21460 - 1850 137.5 76 L 22050 040 048 -0.04
H 'Dl 20 510 13.3 MD 13.3 MD 0.0 . 'H'n 24 500 0.61 0.67 -0.06
oy rms dev.=10.6sec? - G, 26350 2055  21.55 ~1.00
] *Pspy 31210 003 007 -0,04
i Gy 33920 0.16 0.40 -0.24
Dy 34600 009 007 0.02
i Gin 36350 057 . 1.22 ~0.65
.g;"} 3875 889 1031 -1.42
n .
1 rms dev.=0.50X10"* .

f -12-
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C Table VII. Measured and calculated
f numbers for Tmzos.
. T - 4
fuoumber fnumber |
Energy, ~ meas, calc, af !
S, L) om? (10-9) (10m) {107¥) 4
H, 330 ee 0.18 s
U 580 277 277 0.00 !
o s 266 {IQMD 076 |
8F, 12650 296 297 -0.01 ¢
3R, 14500 208 217 -0.09 _
R, 15 180 0.39 037 0.02
1Ge 21 500 1.13 1.14 -0.01
:Dn 27 800 2.82 288 -0.06
,f:} 3475 332 146 1.86
8P, 36000 1.95 0.72 1.23
8P, 37900 472 4.34 038
ls. 82 000 000 0.04» “es
rms dev, =0,91%,10 i

s This calculated Immbudoumhdudetheiudud-rdmmr-
rection factor since *he Cauchy dispersion fails in these spectrul regions.

Table VIII. Experimental intensity
parameters, ,. 2

System  § (10®cm®) T, (10®cm®) T (10%cm¥)

P*:V0, 17212016 198 +0.14 4,88:-0.09
Nd*:Y,0; 8554043  5.25+0.80 2.89:0.61
Ev**:Y,0; 631 0.66 <048
Ert*: Y04 4594025 1214021 0.48::0.33
Tm*:V,0, 4074027  1.46x0.16 0.610.13
| Yh¥*: Y40, 35 1.75 080
Pri+:LaF, 0124091  1.77+081 4.783:0.52
Nd*iLaF, 0353014 257036 2.504:0.33

s The val lm:dfoth'"YsOamdemhedbvmnbnd
theexperlm::ulmnmetm the other rare earthe.,
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~V. "'VALIDITY OF THE MODEL - . ti

Seav T Lm RN RTINS
The comparison.of calculated and measured mtensltxes, presented in
Tables 1-VII, shows that the. s1mp1e phenomenologxcal theory is able to:
account for all the salient features of the transition intensities of rare-
earth ions in Y,0; and LaF,, and in several rare-earth oxides. The
parameters found to describe each rare-earth system will depend some-
what on the method used to establish.them., here thg ‘,m_inim':;,z_ation of the
sum of the squares of the deviations in line strengths. In this method,
very weak transitions will p1ay no role -in determining the: ‘mmlmum con-
dition, while very strong transitions will dommate in the selectxon of the \
minimizing parameters. This situation arises in the, spectra of Nd”' and
Er e because of a number of very strong transxtxons, ‘and yet the very
weak transitions are reaso‘nabl_ly. well accounted for, The average rms <l
deviation for all systems ,studied is 0.6 X 1078 and the average observed :
f riumber for a11 systems is 4.8 X 10-6. Thus, for: the’ study as a whole
the theory agrees with experiment to within about 12. 5%. In addxtxon to
the measurement errors, dlscussed prevxously, part of the dxscrepancy :
between theory and experiment can be attributed to failure of the experi-
mental systems to comp1ete1y meet the spectroscopic stability require-
me3n+t for ghe validity of Eq. (3). The ground -state splittings of I;r3‘ s
F: :

Na>", Er**, and Tm>" in Y,0; are 800, 560, 500, and 800 cm” ",

respectlvely Thus the hlgher-lymg Stark components of these J' levels

3

have considerably less populatxon than the lower-lying Stark.components
at room temperature, this temperature bexng equwalent to an energy of
about 210 cm 1 However, becauee of the low crystal-field symmetry £or
Y203,

many different J'z basis states, and all possible values of ‘J,;'z“.will-appear. :

each Stark component is represented by a hnear xcomb;natron ofx

in the wave functions of:the Stark:components occupied at room temper -

ature. One might expect that the.a’veraéing over Jz state's , producing

Eq. (3), will in large measure still be met in ¥,0,. Such large ground

SRR
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J-level splittings in crystals of high symmetry might present more of a
problem smce certam values of J rmght not be occupied at room temper-
ature, and these values of J' may couple strongly to the exclted £ states.

Transitions mvolvmg more than‘a smgle phonon may contribute to the
.measured lntensxtles, and thls added 1ntens1ty Wlll not be accounted for by

qulte small the denslty of states becomes large, and the Process may not
be completely negllglble. '

3% "Y203 exhlblt some weak tran-

The experirnental 1nten81t1es for Eu’
sltlons, 5D L 7F 7 3, whlch violate selectlonz rules implicit in'Eq. (3);
sunllar vmlations have been observed in other systerrxs. 16,17 These viola-
tlons can most readlly be explamed by postulating the admixing of T#0

into the J = 0-,,5@3,'3?? via the crystal fleld and/or the sllght breakdown of

the closure ap’tiroi;irna'tion‘l mvoked to permlt summmg over excited: con-
figuratioris. This breakdown in closure would most be apt to happen in
systems for wh1ch the 5d states lie close to the 4f states, as in Pr3+"a'nd

¥

in dlvalent rare. earths.
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V1. INTERPRETATION OF EXPERIMENTAL PARAMETERS

’

The parameter sets for each rare-earth system in. Y203 are plotted -
in Fig. 1 as a function of the number of 4f electrons. \Alogarithmic dis-
play is used to present the data because of the large range of values as-
sumed by the parameters across the se.rﬁies. A smooth curve hasgbeen
drawn through the experimental point to'emphasize the trends acrossthe
series. The 02 terms form a relatwely slowly varying curve, wh11e the
curves formed by 04 and 06 show con51derab1y more var1at1on. These
expenmental parameters and their trends across the series can be used
to investigate the vahd1ty of the use of free-ion exelted—state'radral:wa_ve
functions fn intensity qaleulations, ‘and to deternrine whatvchange’s.f‘{_in these
wave functions resuTt from placing the free ion into theurl_a't‘tiee. To this
end, a caigulation of the pertinent lattic'e sums’'is performed. o

The YZO3 host lattice forms in a cubm structure with two d1st1nct
types of cation sites, one with 1nvers1on symmetry of the point- group C3.,
and the other with the relatively low symmetry of the peint group C2
The unit cell contains threeC2 cation sites and a s1ng1e-(;3. cation site.
It has been estab‘lished19 that rare-earth.impurities -enterhboth ;kmds of
sites. Electric dipole transitions are of conrseyf'orbidde‘n" for the ions in
the C3i sites, but their oresence mayr_fcontr{bute;to ‘the obf.s’erved;spe.ctra
by either vibronic or iallowed magnetic dipole transitions.

The C2 cation s1te20 and 1ts ‘8ix nearest-neighbor oxygen ions is

shown in Fig. 2. Four anions take up pos1t1ons of near inversion symmetry

with respect to the site origin, and therefore contrlbute to the odd- degree
crystal- f1e1d -expansion term only to the.extent that mverslon symmetry. is
d1storted The rema1n1ng amons have no 1nverted partners, and: therefore
account for the maJorlty of the odd- degree crystal f1e1d strength terms.
The six nearest nelghbor anions take up posltlons described by the pomt
group C2 5 whlch requlres only half as many crystal—ﬁeld terms as does

the lower symmstry CZ f1e1d The nearest- nelghbor cat1ons are 12 Y3+
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Fig. 1. Experimental intensity parameters (Qy) and
theoretical static intensity parameters (0)), based
on free-ion radial wave functions as a function of

the number of 4f electrons. '
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Fig. 2. Scale d1agram ‘of the Cz cation site of Y203 showmg the six
‘nearest- ne1ghbor oxygen ions. The cube center is located at the. }
site origin; the cube diagonal is equal to twice the average
distance of the six nearest ne1ghbors. (Thxs drawmg was
 kindly prov1ded by Dr. H. Tippins of th1s laboratory )i {13

ions which lie 1. 67 times further away than the nearest-neighbor oxygen
ions, 2B and which take up positions about the'site origin ‘with .near ihversion
symmetry. These ions thus have v1rtua11y no effect on the intensities of
rare-earth (RE) ions in the C2 s1tes:.21 Fmally. the 18 next-nearest oxygen
ions lying 1.92 times further away than the neareBt—-neJ.ghbor oxygen ions,
lower the site symmetry to C - Of these 18 -ions, all but six are m posxty.ons
of near inversion symmetry, the contrxbut1on of these six 1ons ‘to the odd-
degree terms of order ti s about (1 92) tunes smaller than that of the
nearest-neighbor oxygen ions." Moderate success has been achieved .in

fitting the crystal-field sphttmg of RE Stark levels in Y203 ‘with the sz
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approxirnatiqn, Zz»butsinclusion of the effect of the next-nearest-neighbor
ions. improves the fit (the‘numﬁer of adjustable parameters doubles for C,,
and a better fit is certalnly expected) The terms with p < 0 in the Stark-

sphttmg,calculaticnﬁof. Er3+ and Tm3+

in Y203 correspond to the terms
appearing in 'CZ and not 'C_?Zv.' It can be seen that for the most part, terms
lowering the site symmetry to C2 are fairly small. Since the Stark sphttxng
is concerned with crystal-field expans ion parameters of even degree, all
the . oxygen and yttrium nexghbor 1ons wili be important.

- Thus the spectral 1ntens1t1es of rare-earth ions in Y203 should be
largely accounted for w1th the CZ approximation. The nonzero odd crystal-
f1e1d terms for C2 are A i w:.th t=1, 3, 5, 1, and p even. The nonzero

terms are .calculated from the familiar crystal-field expansion

1/2 o2 ' N
= (- l)pgé—_;'%yrs m P,Plcos ;) exp(-ip8; ) (i0)

J

where g ligand charges are located at the position (p.,aj, B.) in spher:.cal
coordxnates with respect to the rare-earth ion.. The results of summing
Eq. (10) over j for the 8ix nearest -neighbor oxygen 1ons are listed in
Table IX, along w1th the sums E |A IZ which will be required later.

"
<

Table IX. 'Odd-degree lattice sums
: for Y203. CZ site.

Aip Asp Ay Az
(10“ erg Cm") (102 erg cm ') (1077 erg cm~Y; (10%erg cm"’)

b

0 42325 231 +2.15 F0.83
2 0. . o418 . 4129 +1.46
4 0 70 +20 4%
6 0 T T +6.83

Al =506X10"crg’cm"’
..,, A;.l'm78 X10% erg? cm™*
‘M'o

Aep|2=1.36X10% erg! cm™
Azp|'=17.34X10% erg?cm™
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Induced dipoles and higher order moments were not included in the
lattice sum calculations above. Hutchings and Ray23 have estimated the
changes in the point-charge lattiée sums of LaCl3 due to these moments,
with a 33% change in A,q» @ 30% change in Agor 2 15% change in Ao
and a 1% change in Age: The dipolar polarizability of oxygen is not too
dissimilar from that of chlorine, and these values may be taken as fairly
typical of the order of magnitude corrections to the lattice sums..

The expressions for =(t, \) arel

2(3,1) = a();)(4f|r|5d)(4f|r3!‘5d)/A;(_5d)

+b(x)2 '<4f|r|n'g>(4f|r3|n'g>/A(n'g') Y (1)

=(5, M) = c(A)4f| r[5a ) 4f| r> | 5d) /8 (5d)

+ d()\)z '(4f|r|n'g)(4f|r5|n'g)/A(n'g) , (12)
n _ } O -
(7, 6) = 28(,/55)/429
xS Catllntg)Catl " [n'g) /a(n'e) (13).
At o o L R o
with
a(2) = 8/35 -, b(2)= 4/7 )
a(4) = 2(y22)/21 , b(4) = 2(,/22)/77 :
cl4) = -20/33(70) d(4) = -40/11(/70)
c(6)= -10(y14) /17, nd e
and

d(6) = Jzo/143(m) ;
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In these expressions, the expectation value of the radial coordinate and its
powers are calculated between 4f and the excited 5d and n'g configurations.
A(Sd) and A(n'g) are the: energy separanons between the 4 ground configu-
ration and the excxted 5d and n g configurations. The radial integrals be-
tween. Af and 5d states have been calculated for Pr3+ and Trn3+ free ions
by Rajnak 24 These values and the hnearly interpolated values for the other
rare-earth ions are listed i in Table X. Dieke, et al, 22 have determined
that the 5d states in the free ion lie about 50, 000 cm o above the 4f configura-
tion in Ce3+ and about 100,000 cm -1 above the 4f configuration in Yb3+
These energy denormnatc‘rs and 11near1y interpolated values for the other
ions are listed in Table X. '

The required.radial integrals have not yet been calculated for the n'g
orbitals, and to proceed past this point, some approximation must be made.

The completeness‘of the set of unoccupied n'g orbitals requires1

*

z (4£|r|n'g)(4£|rt|n‘g) = (4f] rt+.1|4f) (14)
n'

and the integrals on the right-hand side of Eq. (14) have been calculated for
the free ions. To use Eq. (14) to simplify Eqs, (11), (12), and (13), the

Table X. Radial moments between 4f
and excited electronic configurations,
and energy denominators. All radial
integrals are in atomic units; fnergy
denominators areinunits of 10

Pi#  Nd* Eu®* Tb™ E* Tm™

@7]r|5d) 090 087 078 071 062 0.58
(47]P015d) 547 5.47 426 366 275 . 245
@7]sd) 505 474 369 304 199 165
@d7lr147) 534 496 383 308 195 157
@f]rl47) 396 364 265 201 105 73 :
(f|lr|4r) 500 450 320 232 100 62

A(5d) 054 058 072 08 092 09 :
Alw'g) 162 167 182 192 207 212 :

i e 0w et e
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approximation must be made that the n'g configurations are' closely spaced
in energy compared to the energy separation of these configurations from the
4" configuration. This assumption is reasonably good for the bound g states
which generally lie near the ionization limit. The rigorous validity of Eq.
(14) requires the inclusion of the infinity of continuum orbitals with positive
energy and large radial extension. The importance of the continuum states
in the sum is not known. In fixing the value of the energy denominators for
g-orbital contributions to the intensities, the ionization energy will be as-
sumed with the understanding that this assumption will tend to maximize the
calculated g-orbital contribution. Judd1 has given arguments placing the
energies of the bound n'g configurations of'lNd3+ and E1;3+ at 167, 000 and
207,000 cm-l, respectively. The corresponding values for the other rare-
earth ions are listed in Table X.

The expansion for the static part of the intensity parameters is -

Q, = (5/3)] 4,220, 2) + (5/7)2p|A3p|252(3',z) ,.0 (18a)

Q4=(9/7)ZP|A3P|ZE?(3,4)f_(9'/1})2p|A5p|252(5.4) . (15b)

Qg = (13/11)zp|A5p|222(5,6)+ (13/15)ZP|A7P|252(7,6) &) (15¢)

In the process of calculating the th.eore.t.ic‘al‘ Qk pararhe;ersv usi_ng f:ee-ion
radial wave functions, it is of con’side'rablé.int‘érest to keep track of the
contributions from the d an;i g excited states. This has been done in
Table XI, which presents the results of the calculation for the quaﬁtities
E(t,A). The calculated’intensity parameters due to the static electric fié"lq
are'listed in Table XII. The contributions to the Q, through.the various
crystal-field terms are listed individgally in Table XII co that the most

important crystal field terms can he readily identified. The th’éo;’eticai

.';23-
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‘Table XI.. Calculation of free-ion Z(t, A\). All
quantities agsociated with Z(1, 2) are in units

0f10-6 ¢cm=-2 erg-'l4' with Z(3, 2) and Z(3, 4) in
units of 10'2,.; cm erg'l, with £(5, 4) and

(5, 6) in units of 10=38 cm® erg-1, and with
' Z(7,6) in units of 10~°4 cm8 erg-l.

——

Ton =S4 wg 212 S8 g 232
Pr. —134 —042 -178 081 073 154
‘Nd ~117 =041 -158 06 066 135
Eu =076 —032 —-108 041 047 088
T —05 =—027 —083 028 036 064
Er -037 —020 -057 016 020 036
Tm -032 —018 —-040 013 017 030
) S8 wg EGH S8 ng 2G4
Pr 160 015 175 =067 =15 =226
Nd 136 014 150 -05 —142 —198
Eu 08 010 0% —032 =—095 -—127
™ - 057 007 064 —021 —068 —089
Er 033 004 037 -011 -—033 —044
Tm 026 003 029 —008 —022 —030
54 n's (5,0 n'g=X(1,6)
Pr —445 =100 545 4.54
Nd =-374 —089 —4.62 3.9
Eu -211 =059 =-2.70 2.58
To —141 -043 -—184 178
Er —-071 -=021 -—092 071
T —-014 —066 0.43

-0.52

Table XTI. Theoretical intensity parameters
using free-ion radial wave functions. .5 and
Q4 are in units of 1020 ¢m?2 and ¢ are in
units of 10-21 cm 2

A Ay Az, Ay T Ay Ay
Ion terms terms €, terms terrns O, terms terms 0
Pr 2674 13.24 3998 3068 0.57 31.25 048 1.31 1.78
Nd 2091 1016 31.07 224 0.44 2288 034 1.00 1.34
Eu 9.70 4.26 1396 8.12 0.8 8.30 0.12 043 054
Tb 579 235 8.4 416 609 425 005 020 0.25
Er 273 073 346 135 002 137 001 0.03 004
Tm 203 051 254 087 001 088 000, 0.01 002
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values for the (‘k parameters are plotted as a function of the number of 4f
electrons in Fig. 1. In order to compare the theoretical statxc mtenmty
parameters with the parameters found experlmentally, the stat1c contmbu-
tion to the experimental parameters must f1rst be estabhshed Theory
shows that the static intensity parameters decrease monotomcally with
increasing number of 4f electrons. Of the exper1menta1 curves, only Q?
has this form. The curves for 04 and 06 can be decomposed into two terms,
one which varies across the series with a slope similar to that of ﬁz', and
the other which increases as 4f electrons are either added to, or subtracted
from, the half-filled 4f shell. The former term is assoc;ated with the
static electric field contribution to 1nten31t1es and the latter term with the
vibronic contribution to the 1ntens1t1es. Th1s decompos1t1on of the exper1~
mental curves is consmtent with the experlmental fact that Pr and Tm ions
exhibit intense v1bron1c structure in their spectra, Nd and Er 1ons exh1b1t
distinctly less vibronic structure, and Eu ions exhibit v1rtually no v1bron1c
structure. Thus m comparmg theoretical and exper1mental parameter
values for Q and Q6 onl}r the values for Eu3+ may be used There appears
to be no tendency for the expcnmental ﬁ curve to r1se between Eu and Tm
and it may be reasonably concluded that all of the experu'nental ﬁ values ;
arise predominantly from the static crystallme electric fxeld e g. >t _ = QZ.'
The greatly differing slopes of the expenmental and theoret1cal QZ
curves indicate at the outset a ser1ous departure from the free. ion model in
terms of which the radially dependent parts of Eqs. (lSa)-(lSc)'Were calcu-
lated. Because of the large range of values for the theoretical ..QZ parameters.
it is presumably coincidental that perfect agreement is obtained for ten 4f
electrons. The calculated Q value for Eu is a factor of 12. 5 larger than
the experimental value, wh1le the calculated 06 value for Eu ‘s a factor of
8. 9 smaller than the experunental value (see Appendxx) In accountmg for
the failure of the free-ion model to account for the mtensxty parameters,
the effects of crystal-fleld shielding and d13tort1on of radxal wave funct1ons

must be considered.
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A number of theoretxcal treatments of the linear and nonlinear30
shleldmg of 4f electrons from the electrostatic crystal‘ ine electric field
resultmg from dxstoruon of the exterior 552p6 closed shells by the lattice
charges have appeared in recent years. Ndmer1ca; calculatmns have been
most extensive for the rare—earth'chlorxdes, and while estimates of the
shxeldmg of the A for t even vary from calculatmn to calculation, it appears
that substantial s‘neldmg does occur, bexng largest for t small. For example,
Lenander and Wongz6 calculate a 59% shxeldmg for AZO' 17% sh1e1d1ng for
A40 The eh1e1dmg for A60 and A66 was not calculated but was. estimated
at lees than 1%. _

The failure of f:he electroetatic'model to take into account the nephe-

lauxeti'c3.1

effect, or the expanmon of the free-ion wave functions when the
ion is embedded in a lattice, is of cousxderable 1mportance also. This
effect has been dxscussed29 in connectmn with the inadequacy of the purely
electrostatic model to account for the me.'gnitude of the crystal—fieid Stark
eplitting of rare-earth levels in solids, and some useful estimates of the
size of the effect Were gwen. Quantltatwely, the spherxcally symmetric
core 01. the free ion 15 replaced by the core field produced by the ion and
the f1e1d produced by the lattxce charges. The core field will still be pre-
dom1nant1y spherlcal but will possess lower symmetry components related
to the lattlce symmetry. The rad1a1 expansion of the wave functions will
be accounted for by the spher1ca11y symmetric potential. Burns29 esti-

mates the quantity

(4f|xtla) . - <4f]r]4f>

free~ion

t
<4,f| i |4f>free'-ion

to be 0.042, 0.12, and 0.36 for t = 2, 4, 6, respect'ively..- By extrapclation
the value is 1.08 for t = 8. Thus the expansion of the 4f radial wave function
increases the radial moments rt, being nearly negligible for t=2 and

doubling for t = 8. In the case of 1nten51ty calculations one would also like

-26-
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to determine how the quantities (4f|rt' 5d) behave in going from-the free~
ion to the ion in a lattice. The 4f radial wave funct1on is always positive,
while the 5d 'radial wave function has both positive and negative values.
The 4f and 5d radial wave functions’ for Tm3 calculated by RaJnak2 ‘were
used to examine this question. The 5d:function was expanded rad1ally and
renormalized; and the moments (4f|r |5d) were numerically integrated.
The moments for t'equal to 3, 5, 7.were essent:ally unchanged from the
free-ion values. - The value of (4f|r |5d), which is a common factor in all
of the intensity parameters (see Eqs. 11 and 12), showed a marked decrease
with radial expans1on due to the relatively greater, contr1but1on of negative
region of the: 5d- wave funct1on. This ..tntegral is. not pos;trve, definite, and
if the‘expansion were" severe enough, it coul_d‘.'conceivably become negative.

From the discussion on shielding, ‘it-appears\-thatth.'e source of dis-
agreement between calculated and measured 06 parameters is not the:
shielding of the lattice sum value but the rad1al integral. . A very similar.
disagreement occurs in the calculated and measured values of A ) and

66 for the praeseodymmm chlor1de latt1ce, &3 the’ calculated value being
an order of magmtude too low. Remammg w1th1n the approximatlon Eq. (14),
the increase in calculated 06' ‘which depends on. (4f|r |4f), by a factor of
about 4'brings the calculated value m r\-.asonably good agreement with the
experimental value.. The contribution to the parameteru 02 and 94 from
the L' 4 excited states are accounted for by the integrals- (4f|r |4f) and
(4f|r |4f) and are therefore essent1ally unaltered from the free- ton
calculation.. : ;

The shielding of A, A3 , and, -Asp- terms undoubtedly is partly
responsible for the. d1screpanc1es in calculated: and measured, Qz and 04
parameters. Shielding would lower the calculated values as requ1red by
experiment. However, it is‘easy to see that sh1eldmg cannot account for
all the d1screpancy The ratio of the exper1mental 02 and Q ‘parameters
is QZ/Q = 9, 1 for Eu3 while the. calculated ratio iz ‘only 1. 7 Since
greater sh1eld1ng is ‘expected in. AlO than in. A3p’ shielding :wou_ld;.tendto

make the calculated ratro-smaller, .1n‘__d1sagr_eement‘wi,th experiment. The
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calculated ratio can be brought into much beziter agreement. with the experi- -
mental ratio by noting (see Tables XI and XII) that a reduction in the value

of (4f| |5d) will greatly. reduce the numerical values of 1, while only .

|
!
E ‘ "shghtlly_-alterm‘g the numerical value of Q,. For instance, a factor of 5
reduction in the integral results in'a new ratio 02‘/ Q4 = 4.5 and while this
i is still too low, it represents-a Acdns‘i'dera‘bl‘e)improvemen’t. With this
reductioh of the imp‘ortance‘:oerd 'contrib‘ution to intensities, the absolute
value of the calculated 04 term: agrees quite well with the experimental

i values, 0.79 x 10 =20, and 0..66 X 10 29 cmz, respectlvely.

It is interesting to notetha.t_ the intensity parameters calculated with

0

the ra’di’al'inte’gr_als.mddiﬁ'ed for effects of the lattice, are composed pre-
rany dominantly of ‘\.j'ontri_butions,frdrn--ithe-,c = 4 excited states; the percent g
contributions ‘are‘Qz(SO%)‘, 4(50%),---“and’ﬂ"(100%). These results are con-

sistent with the conclusxon reached by Axe”™ for the spectrum of europium

ethylsulfate. Parenthe‘tlcally, this conclusion is f’importance, in estimating .
) the electronic Raman cross sectlons for spontanecus and stimulated scatter-
{ 2

1ng by rare- -earth ions' in sohds. 3 The expressmn for the cross section -

contains terms of the form [¢4f]|r {Sd)] and (4£|r |4f) The.former term
w1141~most likely be reduced an order of magnitude, based on the present
werk', Wh‘i_le the lnatter term will be slightly increased when the ion is placed
in a la’ttﬂiceg “This serves to lower the Rarrlau scettering cross sections by
nearly an order of magnitude as compared with the cross sections calculated

for the free ion.

Aside from the absolute values of the parameters, the problem of
accounting for the greatly differing slopes of the 02 curves remains. An
analogous problem 'exists in explaining the slopes of the measured and

29

calculated” " even parity crystal-field terms for rare-earth ions in La,C13.

Burns29 has suggested-that the 'source of this problem rests in a too simpli-

A fied model for the lattice sum. By a detailed argument and supporting
calculatmns, Burns suggests that the lattice charges are to be replaced

by some effective charge located at the ionic radlus of the rare- earth ion.

-28-
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Because of the contraction of the ionic radius of rare earths with increasing

A

number of 4f electrons amounting to a factor of about 1.2 across the series,
each crystal-field lattice sum for Tm3+
by a factor of (1. 2)t+

This effect would result in a relative increase of QZ for the Tm compared

to that of Pr by a factor of 4.3, and would br1ng the slopes of the exper1-

will be larger than the correspond-

. +
ing term of Pr3 where t is the order of the term.

- 3 s T T
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mental and calculated Q curves into remarkably good agreement J_A
re-evaluation of the absolute valueg of the calculated curves would be
necessary if such a model is assumed, and is beyond the scope of the

present work.

In concluding the discussion of the experimental"parameters, it can

be observed that the vibronic interaction enters the ﬁ parameters v1a the
elements aA /aQ from Eq. (6). Smce the 3A3 I'BQ terms ‘will be: common
to ﬁ and 04 and no vibronic interaction enters through the. Q term, the

elements BA /aQ must be significant for the Y203 lattice. . It would be

e mterestlng to see 1f the direct calculatmn of these quant1t1es bears this
' conclusion out, but the calculation would be qu1te extenswe because of the

large number of atoms in the unit cell.
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VII. TRANSITION INTENSlTIES IN RE: La.l:"3 ‘

While the intensity data for the La.F-3 systems is not.nearly eo
extensive, several interesting observations can be made.. The. 0
parameters for Pr and Nd in La.F3 are not statmtmally well defmed but
it is clear that they are at least an order of magnitude smaller than the
corresponding parameters for these ions in the. YZOB la.tt1ce.- The same
comment is true for the 06 parameters for both Pr and Nd are essentially
identical for Lal?3 and Y203. These results imply that the value for the
lattice sum AlO (with its shielding) is mu;h s‘m'a}ller for,l:he L‘an lattice
(if it is formally allowed at all) than in the,YzQs -lz’gtt_ic;e. There is a classical
argument that for lattice sites with point symmetries formally allowing an
AIO term, its value will be identically zero, reflectmg the fact.that a f1n1te
electric field at the rare—earth nucleus.is forblddeh. As. recently ‘pointed
out by .'.l'udd,‘33 it is only the total electric f1eld wh1ch must be zero at the
rare-earth nucleus, and that distortions induced in the electron shells of
the bound rare-earth ion produce an electric field at the nucleus opposmg the
lattice field, Moreover, Kiss and Wea.khem” have recently found convincing
experimental proof of the existence of a nonz,evro AlO' lattice term. The
experimental results of this:study are also consistent with the existence of

an A, term,,

l(ln Judd's or:.gma.l1 treatment of rare-earth 1ntens1t1es in solutmns, it
was observed that transitions for wh1ch AJ = 2:are pecuharly 8ensitive to
changes in-the ligands,: Subsequently, Jorgensen-and .'Iudd34 discussed the
likely static and dynamic sources for this hypersens1t1v1ty. Noting that .the
J selection rule above for hypersensitive tra.ns1t1ons 1s the cond1t1on for

the matrix elements of U( ). to be nonzero, a.ttentmn was. focussed on
mechanisms affecting .Q.z. Their calculations showed‘that the most l1kely
mechanism is an asymmetrical d1str1but1on of the d1poles induced by the
electromagnetic field in the medium, The gradient of the -electric field
across the rare-earth ion is greatly enhanced, vr_esfultmg in greatly. gnhanced

electric quadrupole transitions, Although not completely conclusive, a

i e e s oy Liithn S REee




TR

&) PP

recent experimental study of the hypersensitive transition 5D0 - 7F of
,Eu3+ clu_;la.te35 shows no evidence of the proposed "pseudoquadrupolze"
nature of the ltran'sitiqn“.‘ v |

‘A comparison of the transition intensities for Nd3‘»+ in Y203 and
::a F.s": (Tables III, 1V) shows that with the ex.ception of the hypersensitive

Gy, transition, the intensities in the Y,0, lattice Zre a'fa;:tor of 2

larger than in the LaF3 lattice. Only the trans1t1on 19/2 5/2 possesses
a significant U( ) matrix element. Instead of a relatwe increase by a
factor of 2 for this transition in: going from LaF to Y203. a relative
increase by a £actor of 12 is observed. Since all the ions surrounding the
rare-earth ions in these lattices have a uniform polarizability, no contri-
bution from the pseudbqué,‘(-irupdle"meéha.nism is possible for these systems,
and yet a hypersensitive transition is observed.

In a re-evaluation of the sources of hypersens1t1v1ty in rare-earth
spectra, Judd3 suggests, that the: hypersens1t1v1ty arises from a simple
change of point. symmetry, the- sens1t1ve transitions being intense for point
symmetries formally: perm1tt1ng an AIO term, and weaker for point
symmetries formally excludmg this term, The C2 site symmetry permits
an AI’O term, as shown in the‘calculationsaboye, and the hypersensitive

5/2 is quite intense in Y203 The site sym'metry for the rare-earth
1mpur1ty in LaF3 is st111 somewhat obscure. The structure of the LaF3
lattice and the symmetry of the site of rare-earth impurities in this
lattice have been. stud1ed by a number of techniques. Oftedal proposed36
the structure of a hexamolecular unit cell with D6h3 symmetry., Subse-
quently, Schlyter 37 showed that all exper1menta1 evidence pointed to a
bimolecular unit cell with D6h4 symmetry. The site symmetry for all
metal 1on gites is. C2 but not very far fr;;n D3}1 The paramagnet;c
resonance exper1mcnts of Jones, et al. » - and Baker and Rubms confirm
the C2 site symmetry for rar e—earth 1mpur1t1es. thical studies on’

Nd3+ LaF3 by Wong, Stafsudd. and J ohnson4o showed evidence of gelection
rules not requ1red by a C2 site symmetry. Krupke and C‘:ruber41 also

observed a part1a11y polarized opt1ca1 spectrum not predicted by a sz
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symmetry., Finally, by studying the lattice vibrations of LaF3. Caspers,
Buchanan, and Ma,rlin42 conclude that “oom-temperature data should be
0 accounted for by the bimolecular cell, with the metal ions in D3h sites.

They also point out that a small shift of approximately 0. 05A is enough to

change the crystal structure from the more symmetrical b1molecular cell

to the hexamolecular cell, In the present study the D3h pomt symmetry

seems most appropriate since the intensity data was measured at ‘room

temperature. The Al 0 crystal-field expansmn term is 1dZnt1ca11y zero for

this point symmetry, The relatively low intensity of the G5 /2 trans1t1on
of Nd3 in this point symmetry is thus expected, and expenmentally

supports the hypothesis that transition hypersens1t1v1ty ar1ses from a

simple change in point symmetry.
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g VIII, CONCILUSIONS

The generally good correlation between calculated and observed
electric- d1p01e transition intensities for a number of rare-earth ions in a
crystalline environment, demonstrates the validity of the phenomerovlogical
aspects of the crystal-field-induced electric-dipole model. The determination
of sets of phexiomenological parameters for a number of different rare-earth

ions in a common host lattice provides a profile of the parameters across

the raré-earth series, against which the more fundamental aspects of the
ztheg;?ﬁicéi 'mo:flel were tested. The relative simplicity of the effective
‘laftt_ice"_ charge distribution permitted a reasonably good estimate of the
pertinent Odd-dégree crystal-field lattice parameters, While some inaccuracy
in the latticé.parameterz is present, being based on a nearest-neighbor
. point-charge model, it has been shown that discrepancies occur between
; experimental parafneters and those calculated using free-ion radial wave
functions for the éxcited configurations, which cannot be attributed to the
lattice calculation. It is concluded, semiquantitatively, that the 4fn-1n' g
configurations contribute somewhat more to the observed transition
.infensities than is’ indicated by the free=-ion calculations, and that the
4fn-15d configuration contributes to the observed intensities about an order
of magnitude less than indicated by free-ion calculations, Finally, the
source of the hypersensitivity of the 419/2 = 4G5/2 transition of Nd3+

has been traced to a simple change in point symmetry about the ion for

fhe two ho'sts.
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APPENDIX

Rare-earth ions with a nearly filled 4f electron shell, such as erbium
and thulium, form sesquioxides of the cubic' structure with lattice parameters
very nearly equal to those of Y203. Sohd solutions of either Er203 or .
Tm203 with Y203 are possible in all mixtures. Rare-earth ions midway
in the series, such as gadolinium with a half-filled shell, form sesquioxides
with monoclinic structure, while rare-earth ions with nearly an empty 4f.
shell, such as neodymium and praseodymium, form sesquioxides with’
hexagonal structure. Only lightly doped‘Y203 crystals of Pr, Nd, and Eu
were studied so as to remain within the cubic system. Y203 crystals
lightly doped with Er and Tm were also studied, along with pure »ErzO -
Tm203, and Yb203~-. The transition intensities of Pr and Nd trivalent ions .
in La.F3 single crystals were studied for comparison .with the reBults" for
the Y203 systems.’ 4 b

The matrix elements (4f [s,L]J ”U(Ml |4f [s',L']1I') for each of
the electronic configurations studied were. calqulated using intermediate
coupling wave functions based on a free-ion fitting. calculation Of the
observed levels:of the rare-earth ion in. Y203, when pos:;ble. The4IZacah
and spin-orbit parameters for. Y203 doped with-thulium, "~ erbium, "~ and
europmm45 have been reported, and those for Y203 doped with
praeseodymium and neody.rmium46 have been determined. A free-ion
least-squares fitting of the published energy levels of praeseodymiu' 47’48.
and neodymmm49 in La.F3 produced Racah and spin-orbit parameters
sufficiently similar to those found for the Y203 system that the 1ntermed1ate
coupling wave functions produced essentially identical intensity matnx
elements. The sets of:Racah and spin-orbit parameters uBed to «.alculate
the U()‘) used in:this study are set out:in Table XIII The va.lue of the
matrix elements calculated and used for this study‘agree ‘with those reported
subsequently by Carnall ,ét a.l..5 The general- 1nsens1t1v1ty of the matr:x

elements for these ions in different: host materials is- due- largely to the

o




AU

Table XIII. Racahand spin-orbitparameters
‘used to generate interrnediate
- coupling wave functions

lE‘: em ‘E.', B, em t,cm™

467026 - 2126 = - 45713 733.11
4883.87 24.20 471.87 877.59
6217.84 3894 630.15 1343.1
6597.11 31.61 ~629.53 2383.0
6722.19 33.88 663.45 2667.95

s |

fact that the ground J levels are extremely pure, Pr?’+ (98.7% triplet H),

Nd3+ (98.4% quartef I), Eet (98.4% quaftet I) and Tm3* (99.5% triplet H).

A direct cdrhpari.son of the waire'functions used here and those used by
Carnall, et al. .15 and by Axe:-,’“‘sl.ldwe‘d that even the excited state SL amplitudes
of’ the'intermediate4couplihg wave functions varied only a few percent, and
ggnerally in weakly present SL combonents. In a few cases where the
terminal.evxc'it‘ed. state is predominantly of a different multiplicity than the
ground s.tate,' several percent change was noted in the matrix elements.
The‘s‘e-tranaitior‘;s are usually weak and will therefore have little or no effect
on the fitting parameters, For systefﬁs with highly mixed ground and

excited states, the inte;xsity-matri:t elements will be considerably more
sensitive to the génerai:ing set of Racah and spin-orbit parameters (and
possibly configuratioa interaction effects),

Pr3+:Y2 3

-The magnitude of the crystal-field Stark splitting of free-ion J levels
is large in this host‘.46 Because the spectrum of Pr""+ is fairly well
compressed in energy, often.Stark components of one J level cannot be
easily distinguished from tho3se of another J level. While one can obtain
sufficient information about the energy centers of gravity from the low=-
temperature spe‘cﬁt_rum to attémpt a free-ion energy-level calculation, the

situation for interpreting room-temperature transition intensities is not so

-38-




simple. The components of the 3PJ and 1’16 J levels lie sufficiently close
to one another that assignment of measured intensity components at 300°K
to a specific J level is highly speculative. The same thing may be hsaia
about transitions terminating on components of the 3E J levels. The total
transition intensity measured in the vicinity of each of 'these two groups was
treated as single experimental points. Transxtlons to three 1nd1v1dual J
levels could also be measured, producing a. total of only five expenmental
points to be fit with three parameters. One would like to have more‘ data
to fit in order to more fully test the parameters, but it is of interest to
obtain some estimate of the Pr3+ parameters for analysis of the Whole
series. The Pr concentration was spectrographically determined to be
1.56 at. %. ki S

Pr3+:LaF3

The assignment of observed crysta.l—fleld levels to their parent J levels
is con51derab1y more rehable in LaF3 than in Y203, primarily because of
the smaller crystal-field sphttmg One can resolve the intensities of

transitions terminating on the 3P2 and 3P0 J levels while the total mtenmty

3P1 J levels is. measured Sxmxlarly. one can

3

for the combined 116 and
separate out the transition intensities for the 3F4 F3, and 3F2 J levels

6

with reasonable confidence. .The rms deviation is’ rather large, 1.34 X 10°
and results primarily from the large deviation of the 3P2Ap:ed1cte<_i _gnd
measured intensities. Since the predicted ipt'ensify for lth‘e 391 + 116
transition is also.lower than measured, the "e.xpl'anation for the large
discrepancy is not the overflap of crystalnfield;Stark,conilp'onqnts. J
mixing by the crystal field for J levels é_o c.;lose in energy may be partially
responsible, but similar discrepancies:are vnot,ob's‘er,yed';fo‘r gimilar
transitions in other rare-earth systems, The significance of the resuiti'ng
parameters is also-doubtful, partmularly the value of QZ’ whose vanance
is larger than the absolute value. The‘,,absovlut:e .valAues_ of the parameters
were determined by spectrographic .énai)Irsis é}nd the Pr dopip"g found to be
0.7 at. %. |

5% 1




Na>*:Y,0, and Na**:LaF

3 J 3
A number of J levels of the 4f3 configurations lie close enough to
another \J level that their combmed intensities must be used. Fortunately
. there are a suff1c1ent1y large number of separated levels for.a good set
of 'data to ‘be used_-for,ﬁttmg. '»'_'I‘he range in intensities of about 600 which

is -accoun.tecrlﬁfor‘ by this.modelldem,bnst‘rates its basic validity. The

absolute values for the parameters for .both Y203 and LaF3 were deter-
mined {rom the spectrographic analysis for the densities of Nd. 'l‘he

Y 03 sample contained 1.36 at. % Nd and the LaF3 sample contained
3.10 at. % N SRk

3+

Eu :YZO

3
Assignment of quantum numbers to most of the excited J levels of
the Eu ion are at best tentative, and sufficient absorptmn data could not be

obtamed to determme the ‘set of parameters Q) Because of the selection

rule2 that electric dipole transitions from a J = 0 level to a terminal J'
level w1th J'!' odd are forbidden, there are only three allowed electric-
dipole transitions between the metastable 5D0 and the 'F multiplet. The
transition terminating on the 7F6 proved to'be too weak to detect in our
expe‘r‘imen:tal setup, so that a value for ﬁ(, could not be determined for Eu.
It can be inferred from the known minimum detectable power of the experi-
mental system that 06 must be less than 5 X 10 -21 mz. The relative
values of: Q ‘and ﬂ were determined by the measured relative-intensities
of the ﬂuorescence termu}atmg on the 7Fz'and 7F4 J levels, and no fitting
was possible. The absolute parameter values were established by setting
the measured magne‘t.ic—dipole intensity of the 5D0 = 7F1 transition equal
to'the calculated magnetic-dipole intensity. This is equivalent to assuming:
a‘uni't'q‘uantum efficiency for radiation when comparing calculated and
measured elec‘tric'-dipole transition rates, as in Table V. Althougha

fitting for Eu was not possible, a check on the absolute value of ﬁz was

. ~40-
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possible, by measuring in absorption the electric-dipole transition
'FO - SDZ’ the components of the latter excited level being well estab- |

lished. The ﬁz value determined from fluorescence predicted an f number ; J
of 5.3 x10™ ' and measured value was'5.6 x 10”1, The Eu doping in the - i
crystal cf 5. 15 at. % was determined from the measured and calculated

5

magnetic-dipole absorption transition between the 7FO and D1 J levels.

From the detailed analysis of the crystal-field Stark levels for

Eu 3+ Y203 it is known45 that all of the observed fluorescence trapsitions

occur between electronic states alone, and no vibronic cransitions are
observed. This implies that the experimentally determined 1nten91ty
parameters represent a purely static electric-field interaction.

3+, :
Er .'YZO3

This system provides an extensive test of the model since it was

possible to fit 15 experimental intensities with only three parameters.

Oscillator strengths as large as 2 X 10> and'as small as 1 X '10:-7, a

range of 200:1, were accounted for with an rms deviation of only 0.5 X
-6
10 ~.

* 4113/2 transition was subtracted from the measured irtensity for this

The calculated magnetic oscillator strength for the 411572 to

transition, and the remainder was assumed to be electric dipole in char-
acter. Measurements of transition intensities were made in pure ErZQ3

t‘ samples and the relative intensities of transitions to various ,e_xcitgd J
levels were found to be independent of the doping. The absolute intensities
>f transitions were also found to be independent of the doping to within'the
accuracy of the spectrographlc analysis of the doping in the d11ute crystals.
Thus the reported intensities and mtenmty parameters for. Er203 are

equivalent to those for Er3 ‘{203 for any concentratmn.

—~ : ' ) ": (A
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. 'The absorption intensities reported in Table VIl were measured in
pure 'I‘m203. to avoid any uncertamty in Tm dop.ng The calculated
oscillator strength of the magnet1c—d1pole transition 3H6 ) 3'H5 was sub-
tracted: frOm the measured strength . of this transition and the remainder
was used in the fitting. 'As w1th the intensities in Er203 and Er3 Y203,
the relative and: absolute 1ntens1t1es for trans1t1ons measured in d11ute

3" +Y,0, and in pure Tm203 were, mdependent of Tm concentration to

373
wrthm the accur acy of the spectroscopm analys1s for the Tm concentration

in the dilute crystals.

¥b,0,4

‘The spectrum of Yh3 Y203 or Yb203 consists of a single transition,

2F ‘at.an energy of about 10, 000 cmnl, and therefore an intensity

2 f
7/2 : 5/2 ()
f1tt1ng for three parameters cannot be made. The U’ for this one transi-

tion of Yb3 are Just the Russell-Saunders values, and the square of the

expectation yalue is

(1/196)[30.2 +100, + 2106] .

The Q)\ parameters established for the other, rare-earth systems studied
3+

perm1t the extrapolatlon for the parameters expected for Yb™ . Substi-

tution of these values mto the above expression yields an electric-dipole

f number of 4.21 X 10 6 The ‘magnetic-dipole intensity is calculated to

be 0. 32 X 10 =6 . for a total £ number of 4. 53 x 10 6 . The f number for

-6 .

this . trangition was measured to be 3.5:X10 " in a pure szO3 sample. °
The 30% d1ffercnce between calculated and measured intensities is some=-
what larger than observed in the other rare-earth systems, but is not

unacceptable cons1der1ng the extrapolatmn that was involved.
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